The nano-gold layer formed on the platinum rotating disk electrode (nano-Au/Pt-RD) inherited the catalytic property for Cr(VI) reduction from platinum surface and owned the good features of nano-gold such as insensitivity with hydrogen ion, high surface area, augmenting diffusion of Cr(VI) and ability for self-assembling with 4-pyridine-ethanethiol (PET) through Au←S linkages, to form PET/nano-Au/Pt-RD electrode capable of accumulating Cr(VI) from sample. The obtained PET/ nano-Au/Pt-RD electrode showed an extreme sensitivity to Cr(VI). By using this electrode, 1.09 ng•L −1 was the detection limit of differential pulse adsorptive cathodic stripping voltammetry for Cr(VI) with the accumulation time of only 2 min. Moreover, this electrode was reproducible with 3.5% RSD for 30 times of Cr(VI) accumulating and stripping. In addition, this electrode was also selective for Cr(VI) determination, which was not almost interfered by other inorganic ions.
Introduction
Hexavalent chromium (Cr(VI)) is a strong oxidizing and toxic agent [1] - [9] . Cr(VI) is also recognized as an animal and human carcinogen [1] - [5] . The development of analytical method for Cr(VI) at trace level is a matter of great interest in analytical chemistry [2] - [9] . Electrochemical methods have been suitable ones for the Cr(VI) determination, because these methods possessed good selectivity and sensitivity [2] - [6] . A well-known electrochemical technique for the Cr(VI) determination is voltammetry using mercury electrodes [10] [11] or bismuth film electrodes [12] - [15] . Although extremely sensitive, these applications are limited because of potential toxicity of mercury and bismuth [3] [4] . In the effort to replace the toxic electrode, noble-metal electrodes including Pt, Au, etc. have been studied. A poly(4-vinylpryidinium)-coated platinum electrode was studied for preconcentration of Cr(VI) into the polymer films followed by voltammetric determination without interference by metal cations such as Cr 3+ [16] - [18] . While highly sensitive, the coating of poly(4-vinylpryidinium) on platinum electrode is quite complex. Self-assembled monolayer of pyridinium [19] or azacrown [20] on the gold electrode has been also developed for attraction of Cr(VI) into the electrode before electrochemical detection. Through Au←S linkages, the coating of organic ligands on gold electrode is quite favorable.
However, the major drawback of gold-based electrodes is to require complex electrochemical and mechanical pretreatments to achieve reproducibility [21] [22] . According to Dai et al. [23] , the renewal of the gold film before each measurement improved the reproducibility.
Several recent works have been based on the layer of gold nanoparticles for improvement of electrochemical detection of Cr(VI) for instance gold nanoparticle-modified glassy carbon electrode by electrodeposition [24] or gold nanoparticle-modified titania nanotubes electrode by photo-deposition [25] . Moreover, Ouyang et al. used 4-pyridine-ethanethiol (PET) to functionalize the gold nanoparticles on a glassy carbon electrode for accumulation of Cr(VI) in fluoride buffer (pH 4.5) before voltammetric determination by cathodic stripping square wave voltammetry [3] . Although fabrication procedure of working electrode was complex and time-consuming (24 h), Ouyang et al. [3] obtained the detection limit of 150 ng·L −1 that was 120-fold higher than that obtained by Turyan and Mandler [19] when using a gold-based electrode functionalized with PET and a same time for accumulation of Cr(VI).
Therefore, fabrication of nano-gold layer for Cr(VI) detection is necessary to study further. In this paper, gold nano-flakes are electrodeposited on platinum rotating disk electrode (Pt-RDE) directly to form nano-Au/Pt-RD electrode, then the resulting electrode is self-assembled with PET molecules through Au←S linkages to obtain PET/nano-Au/Pt-RD electrode using as working electrode for voltammetric determination of Cr(VI). By a suitable electrodeposition, the obtained gold nano-flakes are able to possess the advantages of both platinum surface and gold nanoparticle. The gold nano-flakes are selected to prevent Cr(VI) from reaction with small gold nanoparticles, because the antioxidant efficiency of gold nanoparticles decreased with the increase of their size [26] .
Experimental

Chemical and Reagents
HAuCl 4 •3H 2 O, K 2 Cr 2 O 7 , NaF, HF, NaOH, HCl, H 2 SO 4 and ethanol were of PA-grade and purchased from Merck (Germany). 4-Pyridine-ethanethiol hydrochloride (PET) was of PA-grade and purchased from SigmaAldrich (Singapore). Deionized water (purified by Mili-Q, Millipore, France) was used throughout all experiments. Stock standard solutions of Cr(VI) (ca. 1000 mg•L −1 ) were prepared in water and stored at 4˚C in a week. Working standard solutions were prepared in NaF buffer solutions and used in each experiment. NaF buffer solutions were prepared by dissolving 6.30 g of NaF in 1000 mL of water (ca. 0.15 M NaF) and adjusted pH to 4.5 or 7.8, respectively by adding 0. 
Apparatus
All electrochemical experiments and measurements were carried out on a Metrohm 757 VA Computrace potentiostat consisting of a typical three-electrode cell (Metrohm Ltd., Switzerland). The cell contains an Ag/AgCl (3 M KCl) reference electrode, the platinum wire counter electrode and a platinum (Pt) or glassy carbon (GC) rotating disk (RD) working electrode with disk diameter of 2 mm.
Working Electrode Preparations
Gold Nano-Flake Deposition
The nano-gold layer on platinum rotating disk electrode (nano-Au/Pt-RDE) is prepared by the potentiostat operating in DC mode and the typical three-electrode cell. The Pt-RDE was polished with the water slurry of 0.05 µm alumina particles. The residual polishing material was removed using ethanol and then water in an ultrasonic bath. After conditioning in 0.25 M H 2 SO 4 solution at 400 mV for 10 min, the Pt-RDE was immersed into 3 mM HAuCl 4 solution and rotated at 400 rpm. Deposition was conducted at the applied potential of −200 mV (vs. Ag/AgCl, 3 M KCl) for 3 min. Finally, the nano-Au/Pt-RDE was washed with water and the surface of working electrode was activated in 0.15 M NaF buffer solution pH 7.8 by the linear potential sweep with potential range from 400 to −200 mV and scan rate of 10 mV•s −1 until the voltammetric response was reproducible.
PET Modification
The nano-Au/Pt-RDE was rotated at 600 rpm into the 30 mM PET solution for 10 min. The PET-modified nanoAu/RDE (PET/nano-Au/Pt-RDE) were conditioned in 0.1 M HClO 4 solution by electrocycling with potential range from 400 to −200 mV and scan rate of 10 mV•s −1 until the voltammetric response was reproducible.
Electrode Characterization
The surface of working electrode was firstly activated in a 0.15 M NaF buffer solution pH 7.8 by the linear potential sweep with potential range from 400 to −100 mV and scan rate of 5 mV•s −1
. After obtaining reproducible voltammograms, 100 mg•L −1 Cr(VI) was added into the cell to evaluate the activity of the obtained electrode for the Cr(VI) reduction.
The surface morphology of the nano gold layers was examined by a field emission scanning electron microscope-FESEM-(Hitachi, S-4800, Japan). The nano-Au layer was taken out of the surface of Pt-RDE by adhesive carbon tape before SEM photograph.
Cr(VI) Analysis
Measurement Procedure
The PET/nano-Au/Pt-RDE was first put in 10 mL of sample or sample spiked Cr(VI) pH 4.5 consisting of 0.15 M NaF and rotated at 400 rpm under open-circuit potential to accumulate Cr(VI) for 2 min. After the accumulation, the determination of Cr(VI) was carried out by transferring the electrodes to 0.15 M NaF buffer solution pH 7.8 without Cr(VI) and performing differential pulse adsorptive cathodic stripping voltammetry (DPAdCSV) from 400 to −100 mV with scan rate of 50 mV•s −1 (potential step of 5 mV and time step of 0.1 s) and amplitude of 50 mV under non-stirring. The electrode surface was regenerated between measurements by electrocycling in 0.1 M HClO 4 for eliminating Cr(VI) from the electrode surface.
Sample Preparation
Coastal water sample was filtered by 0.45 µm membrane filter and diluted at least 5000 times by 0.15 M NaF buffer solution pH 4.5.
Results and Discussion
The Nano-Au/Pt-RD Electrode
Electrodeposition
The electrodeposition of gold nano-flakes (nano-Au) on platinum surface from HAuCl 4 solution depends on the HAuCl 4 concentration(C Au(III) ), the rotating speed of electrode (V R ), the deposition potential (E P ), the deposition time (t P ) and temperature (T P ). Therefore, C Au(III) , V R , E P and t P were investigated while the T P was kept constant at 25˚C.
The activity of the nano-Au/Pt-RDE deposited was evaluated by the peak current (I P ) obtained when electrode potential was swept from 400 to −100 mV with scan rate of 5 mV•s −1 in 0.15 M NaF buffer solution pH 7.8 consisting of 100 mg•L −1 Cr(VI). Each electrodeposition condition of nano-Au was repeated three times to evaluate the reproducibility of electrodeposition through standard deviation (SD) of I P .
The E P conducted the activity of the Pt-RDE for the reduction of HAuCl 4 into nano-Au. The highest I P was obtained with E P of −200 mV (Figure 1) . When E P was more negative, the reduction of hydrogen ion affected the deposition of the nano-Au, which caused rapid diminution of I P .
The V R governed the transferring rate of HAuCl 4 to electrode surface. Thus, the thickness of deposited layer increased with V R . Increasing the thickness made nano-Au layer rougher and the electrochemically active surface of the obtained nano-Au/Pt-RDE larger [27] . Consequently, the I P increased. The highest I P was obtained with V R of 400 rpm (Figure 2) . When the thickness was too high, nano-Au layer could lose the catalytic property inheriting from platinum surface [28] , which caused rapid diminution of I P .
The thickness of nano-gold layer increased with the increase of C Au(III) and t P . Figure 3 and Figure 4 showed that the SD values of I P rapidly increased at high values of the C Au(III) and t P . This might be ascribed to the rapid changing from platinum to gold property when the thickness of nano-Au layer was high enough. Figure 3 indicated that an optimal C Au(III) was 3 mM. Similarly, an optimal t P was 3 min (Figure 4) . Figure 5 depicts the voltammetric responses of Au-RDE (a), nano-Au/GC-RDE (b), nano-Au/Pt-RDE (c) and Pt-RDE (d) obtained for 100 mg•L −1 Cr(VI) in 0.15 M NaF buffer pH 7.8. The NaF buffer is used as electrolyte because it is suitable for all of the electrodes studied [3] [16]- [19] . The Au-RDE showed the lowest peak current while the Pt-RDE exhibited the highest peak current for Cr(VI) reduction. However, the Pt-RDE also gave a high wave of hydrogen ion reduction near the wave of Cr(VI) reduction. The hydrogen wave could interfere to Cr(VI) determination at trace level.
Activity and Morphology
The peak current of the nano-Au/GC-RDE is greatly higher than that of the Au-RDE. This phenomenon was also observed in the study of Chen et al. [25] . The considerable enhancement of the peak current was usually attributed to the high surface area of the nano-Au layer [25] [29] and the advantageous diffusion of Cr(VI) to the nano-Au layer [25] [30] because the surface of the nano-Au/GC-RDE is rougher than the surface of Au-RDE (Figure 6(A) ). In addition, the peak potential for Cr(VI) reduction on the nano-Au/GC-RDE was found at 80 mV, approximating to the potential observed on the gold nanoparticle-modified electrode of the previous studies [3] [25] .
It is interesting that the peak potential for Cr(VI) reduction on the nano-Au/Pt-RDE and the Pt-RDE was found at 160 mV and it was 80 mV more positive than that of the nano-Au/GC-RDE. The positive shifting of Cr(VI) reductive potential showed that Cr(VI) reduction on the nano-Au/Pt-RDE and the Pt-RDE was easier than that on the nano-Au/GC-RDE. On the other hand, the peak current of the nano-Au/Pt-RDE was significantly higher than the one of the nano-Au/GC-RDE while the surface of the nano-Au/Pt-RDE (Figure 6(B) ) was less rugged than the nano-Au/GC-RDE (Figure 6(A) ). Therefore, the activity for Cr(VI) reduction of the nano-Au/Pt-RDE was higher than the activity of the nano-Au/GC-RDE.
The peak current of the nano-Au/Pt-RDE was similar to the one of the Pt-RDE while the hydrogen wave did not appear on the nano-Au/Pt-RDE. This indicated that the nano-Au layer on the nano-Au/Pt-RDE covered nearly whole of platinum surface of Pt-RDE and copied the catalysis of platinum surface for Cr(VI) reduction. Thus, the nano-Au/Pt-RDE possessed the catalysis of platinum surface and the advantages of gold nanoparticle such as insensitiveness with hydrogen ion and convenience for assembling with PET to accumulate Cr(VI). Therefore, the nano-Au/Pt-RDE was better than Pt-RDE and nano-Au/GC-RDE.
The PET/Nano-Au/Pt-RD Electrode
PET Assembling
According to Ouyang et al. [3] , the more the number of the pyridium groups on working electrode were, the more quickly and thoroughly the accumulation of Cr(VI) took place. The nano-Au/Pt-RDE possessed a higher surface area than the Au-RDE did. Thus, the PET concentration used was 30 mM, which was 6-fold higher than that of the previously published reports [3] [19] . For optimizing nano-Au layer assembling with the PET molecules, immersion time of electrode (t I ) in PET solution was surveyed with the PET concentration of 30 mM and the electrode rotation speed of 600 rpm. The quality of the PET/nano-Au/Pt-RDE was evaluated by the amount of Cr(VI) was accumulated into the obtained electrode from 0.15 NaF buffer solution pH 4.5 consisting of 10 ng•L −1 Cr(VI). The amount of Cr(VI) accumulated gave the Cr(VI) reductive current peak when the electrode potential was swept from 400 mV to -100 mV in NaF buffer pH 7.8 by DPAdCSV. Figure 7 showed that the optimum of t I was 10 min. 
Behavior of Electrode
For direct electroreduction of Cr(VI) in 0.15 M NaF buffer pH 7.8, the PET/nano-Au/Pt-RDE showed the peak current that is 30% lower than that of the nano-Au/Pt-RDE. This result indicated that the PET molecules have been assembled on the nano-Au/Pt-RDE and they could make the electrochemically active surface of the PET/ nano-Au/Pt-RDR smaller than the surface of nano-Au/Pt-RDE. . The PET/nano-Au/Pt-RDE showed well-defined peaks at ~240 mV vs Ag/AgCl, 3 M KCl and the peak current proportionally increased with the concentration of Cr(VI) in the NaF buffer pH 4.5. Thus, this peak was attributed to the electrochemical reduction of Cr(VI) to Cr(III). This indicated that the PET/nano-Au/Pt-RDE was able to preconcentrate Cr(VI) from the NaF buffer pH 4.5 into it.
Using the accumulation time of 2 min, the linear response for Cr(VI) was observed over the concentration range from 2.5 to 40 ng•L −1 with a correlation coefficient of 0.999 (Figure 8(B) ) when the peak current was used as a function of the Cr(VI) concentration in the NaF buffer pH 4.5. The detection limit was of 1.09 ppt based on three times the standard deviation of the baseline [24] . Although the accumulation time was shorter, the PET/nano-Au/Pt-RDE still showed the LOD lower than the LOD of previous studies [2] -[6] [10] - [20] .
The reproducibility of the PET/nano-Au/Pt-RDE was estimated from the DPAdCSV peak current of 25 ng•L −1
Cr(VI) in NaF buffer solution pH 4.5. Results in Figure 9 showed that the peak currents were in the range from 95% to 105% of the average value with relative standard deviation (RSD) of 3.4% when the accumulating and stripping Cr(VI) were repeated 30 times on the same PET/nano-Au/Pt-RDE. This reproducibility showed that the PET/nano-Au/Pt-RDE is suitable for standard addition method. Beside good sensitivity and reproducibility, the PET/nano-Au/Pt-RDE also showed a high selectivity for the accumulating and stripping Cr(VI). The NaF buffer solutions (pH 4.5) consisting of 20 ng•L −1 Cr(VI) and 20 mg•L −1 investigated ions exhibited the DPAdCSV peak currents which were in the range from 95% to 105% of the peak current of the NaF buffer solution (pH 4.5) consisting of 20 ng•L −1 Cr(VI) (Figure 10) NO − and Cl − could not interfere to DPAdCSV of Cr(VI) on PET/nano-Au/Pt-RDE even though their contents were million-fold higher than that of Cr(VI).
The analytical reliability and potential practical applications of new electrode (PET/nano-Au/Pt-RDE) were confirmed by measuring Cr(VI) in real samples. Coastal water samples containing low content of Cr(VI) and high content of other ions are suitable to evaluate the performance of new electrode. After eliminating suspended impurities, the coastal water samples were diluted 5000 times by 0.15 M NaF buffer pH 4.5. The data of Cr(VI) analysis on the PET/nano-Au/Pt-RDE was shown in Figure 11 . The slope of the standard addition curve of Cr(VI) on the coastal water sample (Figure 11(B) ) was very close to the slope of the standard curve of Cr(VI) (Figure 8(B) ). This showed that the sample background did not interfere to Cr(VI) determination on the PET/ nano-Au/Pt-RDE. The relative standard deviation (RSD) of the result was of 6.24%. 
Conclusion
Electrodeposition approach is incomplex, time-saving and reproducible. Through this study, the PET/nano-Au/ Pt-RDE was successfully fabricated by a simple electrodeposition method. This new electrode likely enhances the sensitivity and reproducibility of the DPAdCSV method for determining Cr(VI). With the accumulation time of about 2 min, the low LOD (1 ppt) and LOQ (2.5 ppt) showed that the nano-Au layer possesses the new electrochemical property. The obtained results indicated that the nano-Au layer formed on the platinum rotating disk electrode (nano-Au/Pt-RDE) inherited the catalytic property for Cr(VI) reduction from platinum surface and owned the good features of gold nanoparticles such as insensitivity with hydrogen ion, high surface area, augmented diffusion of Cr(VI) and ability for self-assembling with 4-pyridine-ethanethiol (PET) through Au←S linkages. 
